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Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.

● LHeC idea born in 2005: 
upgrade of the HL-LHC to 
study DIS at the terascale.

● It must be able to 
run concurrently 
with pp (also FCC-eh), 
plus limitations on power 
consumption, high 
luminosity for Higgs 
studies,… ⇒ energy 

recovery linac as baseline.

Tevatron/HERA/
LEP (fermiscale) → 
HL-LHC/LHeC/
e+e- (terascale)
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Detector: LHeC
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● 1 degree acceptance (|η|<4.7) 
required for small x and H. 
● Central detector: increased tracker 
radius wrt CDR, radiation level 1/1000 
wrt LHC → ideal for CMOS etc.
● Forward/backward detectors: e-, γ-
taggers, ZDC, p-spectrometer 
(FP420).
● Installation in IP2, keeping L3 
magnet, feasible in two years.
● FCC: larger tracking, two solenoids?

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.

LHeC (FCC-eh): R=4.6 (6.2) m, L=13.6 (19.3) m



Summary of physics:
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● ep/eA colliders are the cleanest High Resolution 
Microscope: 
➜ Precision and discovery in QCD;
➜ Study of EW / VBF production, LQ, multi-jet final states, 
forward objects,…

● Empower the LHC Search Programme (e.g. PDF, EW 
measurements).

● Transform the LHC into a high precision Higgs facility.

● Has unique and complementary discovery potential 
of BSM particles (prompt and long-lived).

● Overall: a unique Particle and Nuclear 
Physics Facility.
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QCD: parton densities
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● For the 1st time, complete resolution of flavour and gluon parton substructure in single system/
experiment, in unprecedented kinematic range (no higher twists or nuclear corrections,…).

● PDFs and αs crucial for HL-LHC: high precision electro-weak, Higgs 
measurements (e.g. remove essential part of QCD uncertainties of gg→H), 
extension of high mass search range, non-linear low x parton evolution: saturation.
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Figure 3.1: Impact of LHeC on the 1-� relative PDF uncertainties of the gluon, down quark, anti-up
quark and strangeness distributions, with respect to the PDF4LHC15 baseline set. Results for the LHeC,
HL-LHC and to their combination are shown.

the production of top quark pairs, inclusive jets, forward W + charm quark and direct photons,
as well as forward and high–mass Drell-Yan and the Z boson p? distribution were included.
It was found that PDF uncertainties on LHC processes can be reduced by a factor between
two and five, depending on the specific flavour combination and on the assumptions about the
experimental systematic uncertainties.

It is of course important to compare these constraints with those expected to come from the
LHeC itself, as well as those coming from a combined PDF fit to the HL-LHC and LHeC
datasets; this was studied in [36]. The basic procedure consists in generating HL-LHC and LHeC
pseudodata with the PDF4LHC15 set [37] and then applying Hessian PDF profiling [38, 39], in
other words a simplified version of a full refit, to this baseline to assess the expected impact of
the data. While the HL-LHC datasets are described above, for the LHeC pseudodata correspond
to the most recent publicly available o�cial LHeC projections, see Section 3.1.5, for electron
and positron neutral-current (NC) and charged-current (CC) scattering. As well as inclusive
data at di↵erent beam energies (Ep = 1, 7 TeV), charm and bottom heavy quark NC and charm
production in e

�
p CC scattering are included.

In Fig. 3.1 we show the expected impact of the HL-LHC, LHeC and their combination on the
PDF uncertainties of the gluon, down quark, anti–up quark and strangeness distributions. We
can see that at low x the LHeC data place in general by far the strongest constraint, in particular
for the gluon, as expected from its greatly extended coverage at small x. At intermediate x the
impact of the HL-LHC and LHeC are more comparable in size, but nonetheless the LHeC is
generally expected to have a larger impact. At higher x the constraints are again comparable in
size, with the HL-LHC resulting in a somewhat larger reduction in the gluon and strangeness
uncertainty, while the LHeC has a somewhat larger impact for the down and anti-up quark
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Figure 3.23: Uncertainties of ↵s(MZ) and corresponding ↵s(µR) in a determination of ↵s using LHeC
inclusive jet cross sections at di↵erent values of µ
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for LHeC and are compared with a number of presently available measurements and the world average
value.

LHeC data are sensitive to values down to x < 10�5, which requires additional freedom for the
gluon parameterisation. The inclusive data are restricted to Q

2
> 3.5 GeV2 in order to avoid a

region where e↵ects beyond fixed-order perturbation theory may become sizeable [45, 137].

Exploiting the full LHeC inclusive NC/CC DIS data with Ee = 50GeV, the value of ↵s(MZ) can
be determined with an uncertainty �↵s(MZ) = ±0.00038. With a more optimistic assumption
on the dominant uncorrelated uncertainty of ��(uncor.) = 0.25 %, an uncertainty as small as

�↵s(MZ)(incl. DIS) = ±0.00022(exp+PDF) (3.5)

is achieved. This would represent a considerable improvement over the present world average
value. Given these small uncertainties, theoretical uncertainties from missing higher orders or
heavy quark e↵ects have to be considered in addition. In a dedicated study, the fit is repeated
with a reduced data set which can be accumulated already during a single year of operation 5,
corresponding to about L ⇠ 50 fb�1. Already these data will be able to improve the world
average value. These studies are displayed in Fig. 3.24.

Inclusive DIS and inclusive jet data

The highest sensitivity to ↵s(MZ) and an optimal treatment of the PDFs is obtained by using
inclusive jet data together with inclusive NC/CC DIS data in a combined determination of
↵s(MZ) and the PDFs. Jet data will provide an enhanced sensitivity to ↵s(MZ), while inclusive

5Two di↵erent assumptions are made. One fit is performed with only electron data corresponding to L ⇠
50 fb�1, and an alternative scenario considers further positron data corresponding to L ⇠ 1 fb�1.
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QCD: small x and αs
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● PDFs and αs crucial for HL-LHC: high precision electro-weak, Higgs 
measurements (e.g. remove essential part of QCD uncertainties of gg→H), 
extension of high mass search range, non-linear low x parton evolution: saturation.

DGLAP fit 
to DGLAP 
pseudodata

DGLAP fit 
to saturation 
pseudodata

● Breaking of standard factorisation: new non-linear 
regime of QCD, implications for FCC (e.g. gg→H).

● αs to per mille accuracy (incl.+jets):
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value. Given these small uncertainties, theoretical uncertainties from missing higher orders or
heavy quark e↵ects have to be considered in addition. In a dedicated study, the fit is repeated
with a reduced data set which can be accumulated already during a single year of operation 5,
corresponding to about L ⇠ 50 fb�1. Already these data will be able to improve the world
average value. These studies are displayed in Fig. 3.24.

Inclusive DIS and inclusive jet data

The highest sensitivity to ↵s(MZ) and an optimal treatment of the PDFs is obtained by using
inclusive jet data together with inclusive NC/CC DIS data in a combined determination of
↵s(MZ) and the PDFs. Jet data will provide an enhanced sensitivity to ↵s(MZ), while inclusive
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Figure 3.24: Uncertainties of ↵s(MZ) from simultaneous fits of ↵s(MZ) and PDFs to inclusive NC/CC
DIS data as a function of the size of the uncorrelated uncertainty of the NC/CC DIS data. The full lines
indicate the uncertainties obtained with di↵erent assumptions on the data taking scenario and integrated
luminosity. The dashed lines indicate results where, additionally to the inclusive NC/CC DIS data,
inclusive jet cross section data are considered.

DIS data has the highest sensitivity to the determination of the PDFs. Furthermore, a consistent
theoretical QCD framework can be employed.

For this study, the double-di↵erential inclusive jet data as described above, and additionally
the inclusive NC/CC DIS data with Ee = 50GeV as introduced in Sec. 3.1.5, are employed.
Besides the normalisation uncertainty, all sources of systematic uncertainties are considered as
uncorrelated between the two processes. A fit of NNLO QCD predictions to these data sets is
then performed, and ↵s(MZ) and the parameters of the PDFs are determined. The methodology
follows closely the methodology sketched in the previous study. Using inclusive jet and inclusive
DIS data in a single analysis, the value of ↵s(MZ) is determined with an uncertainty of

�↵s(MZ)(incl. DIS & jets) = ±0.00018(exp+PDF) . (3.6)

This result will improve the world average value considerably. However, theoretical uncertainties
are not included and new mathematical tools and an improved understanding of QCD will
be needed in order to achieve small values similar to the experimental ones. The dominant
sensitivity in this study arises from the jet data. This can be seen from Fig. 3.24, where
�↵s(MZ) changes only moderately with di↵erent assumptions imposed on the inclusive NC/CC
DIS data. Assumptions made for the uncertainties of the inclusive jet data have been studied
above, and these results can be translated easily to this PDF+↵s fit.

Discussion of ↵s(MZ) determinations at LHeC

The expected values for ↵s(MZ) obtained from inclusive jets or from inclusive NC/CC DIS data
are compared in Fig. 3.25 with present determinations from global fits based on DIS data (called
PDF fits) and the world average value [89]. It is observed that LHeC will have the potential
to improve considerably the world average value. Already after one year of data taking, the
experimental uncertainties of the NC/CC DIS data are competitive with the world average
value. The measurement of jet cross sections will further improve that value (not shown).
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● eA collisions at LHeC/FCC-eh: region presently explored in 
DIS extended by ~4 decades down in x and up in Q2. uv

sea

gluon

● Determination of inclusive and 
diffractive nuclear parton 
densities for a single nucleus, 
with flavour unfolding.
● Studies of transverse 
structure.
● Saturation (ep & eA, nuclear 
enhancement).
● Flavour dependent anti 
shadowing, Gribov relation with 
diffraction,…
with strong implications on the 
pA/AA programmes at the HL-
LHC and FCC-hh.

UNCONSTRAINED

Luminosity (per 
nucleon)=1033 cm-2s-1
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● eA collisions at LHeC/FCC-eh: region presently explored in 
DIS extended by ~4 decades down in x and up in Q2. uv

sea

gluon

● Determination of inclusive and 
diffractive nuclear parton 
densities for a single nucleus, 
with flavour unfolding.
● Studies of transverse 
structure.
● Saturation (ep & eA, nuclear 
enhancement).
● Flavour dependent anti 
shadowing, Gribov relation with 
diffraction,…
with strong implications on the 
pA/AA programmes at the HL-
LHC and FCC-hh.

UNCONSTRAINED

Luminosity (per 
nucleon)=1033 cm-2s-1

Open items:
➜ N3LO evolution and massive ME;
➜ NNLO for differential heavy quark production;
➜ Impact of resummation on hadronic observables other than Higgs;
➜ Study on ability of LHeC/FCC-eh to discriminate between different 
small-x treatments, in both ep and eA.



EW physics: W mass
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● Many EW physics opportunities (spacelike vs. 
timelike in e+e- /pp): W&Z mass, V and A neutral 
and charged current couplings to light quarks, 

 to 0.1 % in a wide kinematic range,…
● LHeC will provide additional precision, 
though PDFs, to the determination of the 
measurement of W mass at HL-LHC.

sin2 θeff,l
W

ΔMW=±6 MeV 
(HL-LHC)
→ ±2 MeV (HL-
LHC + LHeC 
PDFs)



EW physics: sin2θW
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● Direct constraints on  through 
higher order corrections:

● Scale dependence through simultaneous fits 
with PDFs.
● Indirect measurements through improving 
LHC measurements (FB asymmetries).

sin2 θeff,l
W

from the LEP+SLD combination 12 [338]. It is found that these parameters can be determined
with very high experimental precision.

Assuming the couplings of the electron are given by the SM, the anomalous form factors for
the two quark families can be determined and results are displayed in Fig. 3.54 (right). Since
these measurements represent unique determinations of parameters sensitive to the light-quark
couplings, we can compare only with nowadays measurements of the parameters for heavy-quarks
of the same charge and it is found that the LHeC will provide high-precision determinations of
the ⇢

0
NC and 

0
NC parameters.

A meaningful test of the SM can be performed by determining the e↵ective coupling parameters
as a function of the momentum transfer. In case of 

0
NC, this is equivalent to measuring the

running of the e↵ective weak mixing angle, sin ✓
e↵
W(µ) (see also Sec. 3.3.7). However, DIS is quite

complementary to other measurements since the process is mediated by space-like momentum
transfer, i.e. q

2 = �Q
2

< 0 with q being the boson four-momentum. Prospects for a determi-
nation of ⇢

0
NC or 

0
NC at di↵erent Q

2 values are displayed in Fig. 3.55 and compared to results
obtaind by H1. The value of 

0
NC(µ) can be easily translated to a measurement of sin ✓

e↵
W(µ).
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Figure 3.55: Test of the scale dependence of the anomalous ⇢ and  parameters for two di↵erent LHeC
scenarios. For the case of LHeC-60, i.e. Ee = 60GeV, we assume an uncorrelated uncertainty of 0.25 %.
The uncertainties of the parameter 

0
NC,f can be interpreted as sensitivity to the scale-dependence of the

weak mixing angle, sin ✓
e↵
W(µ).

From Fig. 3.55 one can conclude that this quantity can be determind with a precision of up to
0.1 % and better than 1% over a wide kinematic range of about 25 <

p
Q2 < 700 GeV.

3.3.7 The e↵ective weak mixing angle sin2 ✓e↵,`
W

The leptonic e↵ective weak mixing angle is defined as sin2
✓
e↵,`

W (µ2) = NC,`(µ2)sin2
✓W. Due to

its high sensitivity to loop corrections it represents an ideal quantity for precision tests of the
Standard Model. Its value is scheme dependent and it exhibits a scale dependence. Near the

12Since in the LEP+SLD analysis the values of ⇢NC and NCsin
2
✓W are determined, we compare only the

size of the uncertainties in these figures. Furthermore it shall be noted, that LEP is mainly sensitive to the
parameters of leptons or heavy quarks, while LHeC data is more sensitive to light quarks (u,d,s), and thus the
LHeC measurements are highly complementary.
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Parameter Unit ATLAS (Ref. [342]) HL-LHC projection

MMHT2014 CT14 HL-LHC PDF LHeCPDF

Centre-of-mass energy,
p

s TeV 8 14 14 14
Int. luminosity, L fb�1 20 3000 3000 3000

Experimental uncert. 10�5
± 23 ± 9 ± 7 ± 7

PDF uncert. 10�5
± 24 ± 16 ± 13 ± 3

Other syst. uncert. 10�5
± 13 – – –

Total uncert., � sin2
✓W 10�5

± 36 ± 18 ± 15 ± 8

Table 7.1: The breakdown of uncertainties of sin2
✓W from the ATLAS preliminary results at

p
s = 8TeV

with 20 fb�1 [342] is compared to the projected measurements with 3000 fb�1 of data at
p

s = 14 TeV
for two PDF sets considered in this note. All uncertainties are given in units of 10�5. Other sources of
systematic uncertainties, such as the impact of the MC statistical uncertainty, evaluated in Ref. [342] are
not considered in the HL-LHC prospect analysis.

eff
lθ2sin

0.23 0.231 0.232
 0.00008±0.23153 HL-LHC ATLAS PDFLHeC: 14 TeV

 0.00015±0.23153 : 14 TeVHL-LHCHL-LHC ATLAS PDF4LHC15

 0.00018±0.23153 HL-LHC ATLAS CT14: 14 TeV

 0.00036±0.23140 ATLAS Preliminary: 8 TeV

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole average
ATLAS Simulation Preliminary

Figure 7.1: Comparison of measurements or combinations of sin2
✓

`

e↵ with the world average value
(orange band) and the projected uncertainties of measurements at the HL-LHC. For the HL-LHC the
central values are set to the world average value and uncertainties are displayed for di↵erent assumptions
of the available PDF sets, similar to Tab. 7.1.

7.1.2 The W -boson mass

This section summarises a prospective study describing prospects for the measurement of mW

with the upgraded ATLAS detector, using low pile-up data collected during the HL-LHC pe-
riod [596]. Similar features and performance are expected for CMS.

Proton-proton collision data at low pile-up are of large interest for W boson physics, as the low
detector occupancy allows an optimal reconstruction of missing transverse momentum, and the
W production cross section is large enough to achieve small statistical uncertainties in a moderate
running time. At

p
s = 14 TeV and for an instantaneous luminosity of L ⇠ 5 ⇥ 1032 cm�2s�1,

corresponding to two collisions per bunch crossing on average at the LHC, about ⇥107 W boson
events can be collected in one month. Such a sample provides a statistical sensitivity at the
permille level for cross section measurements, at the percent level for measurements of the W

boson transverse momentum distribution, and below 4 MeV for a measurement of mW .

Additional potential is provided by the upgraded tracking detector, the ITk, which extends the
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● Direct constraints on  through 
higher order corrections:

● Scale dependence through simultaneous fits 
with PDFs.
● Indirect measurements through improving 
LHC measurements (FB asymmetries).

sin2 θeff,l
W

from the LEP+SLD combination 12 [338]. It is found that these parameters can be determined
with very high experimental precision.

Assuming the couplings of the electron are given by the SM, the anomalous form factors for
the two quark families can be determined and results are displayed in Fig. 3.54 (right). Since
these measurements represent unique determinations of parameters sensitive to the light-quark
couplings, we can compare only with nowadays measurements of the parameters for heavy-quarks
of the same charge and it is found that the LHeC will provide high-precision determinations of
the ⇢

0
NC and 

0
NC parameters.

A meaningful test of the SM can be performed by determining the e↵ective coupling parameters
as a function of the momentum transfer. In case of 

0
NC, this is equivalent to measuring the

running of the e↵ective weak mixing angle, sin ✓
e↵
W(µ) (see also Sec. 3.3.7). However, DIS is quite

complementary to other measurements since the process is mediated by space-like momentum
transfer, i.e. q

2 = �Q
2

< 0 with q being the boson four-momentum. Prospects for a determi-
nation of ⇢

0
NC or 

0
NC at di↵erent Q

2 values are displayed in Fig. 3.55 and compared to results
obtaind by H1. The value of 

0
NC(µ) can be easily translated to a measurement of sin ✓

e↵
W(µ).
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Figure 3.55: Test of the scale dependence of the anomalous ⇢ and  parameters for two di↵erent LHeC
scenarios. For the case of LHeC-60, i.e. Ee = 60GeV, we assume an uncorrelated uncertainty of 0.25 %.
The uncertainties of the parameter 

0
NC,f can be interpreted as sensitivity to the scale-dependence of the

weak mixing angle, sin ✓
e↵
W(µ).

From Fig. 3.55 one can conclude that this quantity can be determind with a precision of up to
0.1 % and better than 1% over a wide kinematic range of about 25 <

p
Q2 < 700 GeV.

3.3.7 The e↵ective weak mixing angle sin2 ✓e↵,`
W

The leptonic e↵ective weak mixing angle is defined as sin2
✓
e↵,`

W (µ2) = NC,`(µ2)sin2
✓W. Due to

its high sensitivity to loop corrections it represents an ideal quantity for precision tests of the
Standard Model. Its value is scheme dependent and it exhibits a scale dependence. Near the

12Since in the LEP+SLD analysis the values of ⇢NC and NCsin
2
✓W are determined, we compare only the

size of the uncertainties in these figures. Furthermore it shall be noted, that LEP is mainly sensitive to the
parameters of leptons or heavy quarks, while LHeC data is more sensitive to light quarks (u,d,s), and thus the
LHeC measurements are highly complementary.
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Parameter Unit ATLAS (Ref. [342]) HL-LHC projection

MMHT2014 CT14 HL-LHC PDF LHeCPDF

Centre-of-mass energy,
p

s TeV 8 14 14 14
Int. luminosity, L fb�1 20 3000 3000 3000

Experimental uncert. 10�5
± 23 ± 9 ± 7 ± 7

PDF uncert. 10�5
± 24 ± 16 ± 13 ± 3

Other syst. uncert. 10�5
± 13 – – –

Total uncert., � sin2
✓W 10�5

± 36 ± 18 ± 15 ± 8

Table 7.1: The breakdown of uncertainties of sin2
✓W from the ATLAS preliminary results at

p
s = 8TeV

with 20 fb�1 [342] is compared to the projected measurements with 3000 fb�1 of data at
p

s = 14 TeV
for two PDF sets considered in this note. All uncertainties are given in units of 10�5. Other sources of
systematic uncertainties, such as the impact of the MC statistical uncertainty, evaluated in Ref. [342] are
not considered in the HL-LHC prospect analysis.

eff
lθ2sin

0.23 0.231 0.232
 0.00008±0.23153 HL-LHC ATLAS PDFLHeC: 14 TeV

 0.00015±0.23153 : 14 TeVHL-LHCHL-LHC ATLAS PDF4LHC15

 0.00018±0.23153 HL-LHC ATLAS CT14: 14 TeV

 0.00036±0.23140 ATLAS Preliminary: 8 TeV

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole average
ATLAS Simulation Preliminary

Figure 7.1: Comparison of measurements or combinations of sin2
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`

e↵ with the world average value
(orange band) and the projected uncertainties of measurements at the HL-LHC. For the HL-LHC the
central values are set to the world average value and uncertainties are displayed for di↵erent assumptions
of the available PDF sets, similar to Tab. 7.1.
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with the upgraded ATLAS detector, using low pile-up data collected during the HL-LHC pe-
riod [596]. Similar features and performance are expected for CMS.

Proton-proton collision data at low pile-up are of large interest for W boson physics, as the low
detector occupancy allows an optimal reconstruction of missing transverse momentum, and the
W production cross section is large enough to achieve small statistical uncertainties in a moderate
running time. At

p
s = 14 TeV and for an instantaneous luminosity of L ⇠ 5 ⇥ 1032 cm�2s�1,

corresponding to two collisions per bunch crossing on average at the LHC, about ⇥107 W boson
events can be collected in one month. Such a sample provides a statistical sensitivity at the
permille level for cross section measurements, at the percent level for measurements of the W

boson transverse momentum distribution, and below 4 MeV for a measurement of mW .

Additional potential is provided by the upgraded tracking detector, the ITk, which extends the
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➜ EW corrections in MSbar for comparing results;
➜ 2-loop EW corrections and beyond.
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● At the LHeC, limits on several CKM matrix elements can be set using single top production: 
polarisation essential. Anomalous couplings can be probed, limits competitive with HL-LHC.
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Top physics: FCNC
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● At the LHeC, limits on several CKM matrix elements can be set using single top production: 
polarisation essential. Anomalous couplings can be probed, limits competitive with HL-LHC.
● Also top FCNC or CP violation in top Yukawa couplings.
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● Cross section for NC and CC Higgs production 
through VBF makes study possible with foreseen 
luminosities; initial estimate of gHHH to 20 % 
accuracy at the FCC-eh.

● Large Higgs dataset for precision measurements.

Parameter Unit LHeC HE-LHeC FCC-eh FCC-eh

Ep TeV 7 13.5 20 50
p

s TeV 1.30 1.77 2.2 3.46
�CC (P = �0.8) fb 197 372 516 1038
�NC (P = �0.8) fb 24 48 70 149
�CC (P = 0) fb 110 206 289 577
�NC (P = 0) fb 20 41 64 127
HH in CC fb 0.02 0.07 0.13 0.46

Table 5.1: Total cross sections, in fb, for inclusive Higgs production, MH = 125 GeV, in charged and
neutral current deep inelastic e

�
p scattering for an Ee = 60GeV electron beam and four di↵erent proton

beam energies, Ep, for LHeC, HE-LHeC and two values for FCC-eh. The c.m.s. energy squared in ep is
s = 4EeEp. The last row shows the double-Higgs CC production cross sections in fb. The calculations are
at LO QCD using the CTEQ6L1 PDF [477] and the default scale of MadGraph [478] with dependencies
due to scale choices of 5-10 %.

Channel Fraction No. of events at FCC-eh

Charged Current Neutral Current

bb 0.581 1 208 000 175 000
W

+
W

� 0.215 447 000 64 000
gg 0.082 171 000 25 000
⌧

+
⌧

� 0.063 131 000 20 000
cc 0.029 60 000 9 000
ZZ 0.026 54 000 7 900
�� 0.0023 5 000 700

Z� 0.0015 3 000 450
µ

+
µ

� 0.0002 400 70

� [pb] 1.04 0.15

Table 5.2: Total event rates for SM Higgs decays in the charged (ep ! ⌫HX) and neutral (ep ! eHX)
current production of the Higgs boson in polarised (P = �0.8) electron-proton deep inelastic scattering
at the FCC-eh, for an integrated luminosity of 2 ab�1. The branching fractions are taken from [480]. The
estimates are at LO QCD using the CTEQ6L1 PDF and the default scale of MadGraph, see setup in
Tab. 5.1.

cross sections, including the decay of the Higgs boson into a pair of particles Ai can be written
as

�
i

CC = �CC ·
�i

�H

and �
i

NC = �NC ·
�i

�H

. (5.1)

Here the ratio of the partial to the total Higgs decay width defines the branching ratio, bri,
for each decay into AiĀi. The ep Higgs production cross section and the O(1) ab�1 luminosity
prospects enable to consider the seven most frequent SM Higgs decays, i.e. those into fermions
(bb̄, cc̄, ⌧

+
⌧

�) and into gauge particles (WW, ZZ, gg, ��) with high precision at the LHeC
and its higher energy versions.

In ep one obtains constraints on the Higgs production characteristics from CC and NC scattering,
which probe uniquely either the HWW and the HZZ production, respectively. Event by event
via the selection of the final state lepton which is either an electron (NC DIS) or missing energy
(CC DIS) those production vertices can be uniquely distinguished, in contrast to pp. In e

+
e
�,

at the ILC, one has considered operation at 250 GeV and separately at 500 GeV to optimise
the HZZ versus the HWW sensitive production cross section measurements [481]. For CLIC
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● Decays to bb and cc, P=-0.8, detector 
level analysis with HF tagger, efficiency 
60-75 (10) % for b(c)-tagged jets.
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Figure 5.5: Invariant dijet mass distribution at DELPHES detector-level expected for 1 ab�1 and -80 %
electron polarisation at LHeC. The S/B is about 2.9 for the events in the Higgs mass range of 100 to
130 GeV. Events are generated with MadGraph using MH = 125 GeV and showered with PYTHIA
6.4, and subject to cut-based event selection criteria, see text for further details. Note that samples are
generated with a minimum dijet mass cut of 60 GeV.

where for ⌘min = 3 the parameter b (d) is varied within 1 (3) and 7 (9) % for two resolution
parameters a (c) of either 30 (60) and 35 (45) %. Alternatively, the central range was restricted
to ⌘min = 2 with parameter b (d) of 3 (5) % for resolution parameters a (c) of 35 (45) %. While
using the same analysis cuts, the signal yields varied within 34 %, it could be shown that with
adjusted set of cuts (notably the choices of cuts for Higgs mass range, ��b,MET , and forward
⌘) the SM H ! bb̄ signal strength �µ/µ varied with a fractional uncertainty of at most 7 %.

The cut-based H ! bb̄ signal strength analyses are su↵ering from rather low acceptance times
selection e�ciencies in the range of 3 to 4 % only. Similarly a recent cut-based H ! cc̄ study [497]
showed the potential of those measurements at LHeC and CEPC, however, due to the very harsh
cuts and too simple analysis strategies with very limited outcome only. Modern state-of-the-
art analysis techniques, e.g. as performed for finding H ! bb̄ at the LHC regardless of the
overwhelming QCD jet background, are based on neural networks.

Boosted Decision Tree (BDT) H ! bb̄ and H ! cc̄ analyses using the Toolkit for Multivariate
Data Analysis with ROOT (TMVA) [498] are performed using independently produced signal
and background samples based on the same setup as for the cut-based analyses, see Fig. 5.5.
Those analyses start with loose preselections of at least three anti-kt jets with pT > 15 GeV
without any further heavy flavour tagging in addition to the CC DIS kinematic cuts of Q

2
h

> 400
GeV2, yh < 0.9, and missing energy E

miss
T

> 20 GeV. The invariant mass distributions using
anti-kt R = 0.5 jets are illustrated in Fig. 5.6, where the mass distributions in the upper plots
illustrate in particular the single top contributions and the subsequent significant Higgs signal
loss if simple anti-top cuts would be applied. In the lower plot of Fig. 5.6 the invariant dijet
mass distribution of untagged Higgs signal candidates is seen clearly above the background
contributions in the expected mass range of 100 to 130 GeV. It is observed that the remaining
background is dominated by CC multi-jets. The quantities represented in the three distributions
of Fig. 5.6 are important inputs for the BDT neural network in addition to further variables
describing e.g. the pseudorapidities of the Higgs and forward jet candidates including jet and
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LHeC:        1 ab-1 Ep=7 TeV

HE LHeC:   2 ab-1 Ep=13 TeV 

FCC-eh:      2 ab-1 Ep=50 TeV

FCC Physics Opportunities
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Figure 4.11: Uncertainties of signal strength determinations in the seven most abundant SM Higgs decay
channels for the FCC-eh (green, 2 ab�1), the HE-LHeC (brown, 2 ab�1) and LHeC (blue, 1 ab�1), in
charged and neutral current DIS production.

4.5.2 Determination of Higgs Couplings
The amplitude of the subprocess, VV!H!XX (X=b, W, g, t, c, Z, g) involves a coupling to the vector
boson V, scaling as V , and the coupling to the decay particle X, proportional to X , modulated by a 
dependent factor due to the total decay width. This leads to the following scaling of the signal strength

µV
X = 2

V · 2
X · 1

P
j 2

jBRj

, (4.1)

which is the ratio of the experimental to the theoretical cross sections, expected to be 1 in the SM.
Measurements of this quantity at the LHC are currently accurate to O(20) % and will reach the O(5) %
level at the HL-LHC. With the joint CC and NC measurements of the various decays, considering the
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Figure 4.12: Determination of the  scaling parameter uncertainties, from a joint SM fit of CC and NC
signal strength results for the FCC-eh (green, 2 ab�1), the HE LHeC (brown, 2 ab�1) and LHeC (blue,
1 ab�1).

seven most abundant ones illustrated in Fig. 4.11, one constrains with the above equation the seven X

parameters. The joint measurement of NC and CC Higgs decays provides 9 constraints on W and 9 on
Z together with 2 each for the five other decay channels considered. Since the dominating channel of
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Higgs to cc at ep and pp:
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● No real sensitivity for H→cc expected 
at HL-LHC.
● HL-LHC+LHeC and HL+FCC ee+eh/
hh, dominated by eh, will be very 
effective.
● Improvements in H→bb and H→ττ.
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● ep+pp combination 
reaches below 1% for 
dominant channels

● ep adds charm.

● SMEFT analysis 
ongoing.

Higgs physics: ep+pp combination
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Figure 7.6: Results of the combined HL-LHC + LHeC  fit. The output of the fit is compared with
the results of the HL-LHC and LHeC stand-alone fits.

couplings involved in rare Higgs decays, e.g. H ! µµ and H ! Z�. This makes apparent the
complementarity between the measurements at ep and pp machines, with the former leading
in terms of precision in the largest Higgs couplings, while the high-luminosity of the latter
brings sensitivity to the smaller interactions. Finally, as mentioned at the beginning, we did not
include in this combined ep+pp fit the projections for Top Yukawa interactions at the LHeC from
Section 5.2, as these were not derived in a global setup, but rather setting all other interactions
involved in t̄H⌫e product to their SM values. However, the main uncertainty from the other 

parameters is expected to come from the W and b couplings, W and b, which are determined
with an overall precision of ⇠ 0.8% and 2%. Therefore one expects the LHeC result, �t ⇠ 17%
for L = 1 ab�1, to be minimally a↵ected. This number is, however, significantly less precise
than the HL-LHC projection of ⇠ 4%, which is expected to dominate in a combined result.

7.3 High Mass Searches at the LHC

7.3.1 Strongly-produced supersymmetric particles

The potential of the HL- and HE-LHC to discover supersymmetry was extensively discussed
in Ref. [607]. Here we focus on searches for gluinos within MSSM scenarios. Gluino pairs are
produced through the strong interaction, and their production cross section is relatively large;
naturalness considerations indicate that gluino masses should not exceed a few TeV and lie not
too far above the EW scale. Hence they are certainly among the first particles that could be
discovered at HL-LHC.

In the following we assume that a simplified topology dominates the gluino decay chain, culmi-
nating in jets plus missing energy originating from a massless LSP, �̃0. Ref. [607] evaluated the
sensitivity of the HL- and HE-LHC to gluino pair production with gluinos decaying exclusively
to qq̄�̃0, through o↵-shell first and second generation squarks, using a standard search for events
with jets and missing transverse energy. Currently, the reach for this simplified model with
36 fb�1 of 13TeV data is roughly 2 TeV gluinos, for a massless LSP [608, 609]. Extrapolating
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● Calculation in all production modes 
improved by better PDFs and αs.

Impact of LHeC on Higgs Xsection:
 NNNLO pp-Higgs Cross Sections at 14 TeV

42

43

44

45

46

47

48

49

50

51

52

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
arbitrary

Cr
os

s 
Se

ct
io

n 
(p

b)

Figure 7.5: Cross sections of Higgs production calculated to N3LO using the iHix program [603] for existing
PDF parameterisation sets (left side) and for the LHeC PDFs (right side). The widths of the areas correspond
to the uncertainties as quoted by the various sets, having rescaled the CT14 uncertainties from 90 to 68% C.L.
Results (left) are included also for di↵erent values of the strong coupling constant ↵s(M

2
Z), from 0.114 to 0.120.

The inner LHeC uncertainty band (red) includes the expected systematic uncertainty due to the PDFs while the
outer box illustrates the expected uncertainty resulting from the determination of ↵s with the LHeC.

7.2.2 Higgs Couplings from a simultaneous analysis of pp and ep collision
data

The LHC data collected during the Runs I and II have provided a first exploration of the prop-
erties of the Higgs boson. The so-called  framework [604] – which allows modifications of the
SM-like couplings of the Higgs boson to each SM particle i, parameterised by coupling modifiers
i – has been widely used for the interpretation of these measurements. With current data, the
 parameters associated to the main couplings of the Higgs can be determined to a precision of
roughly 10-20 %, see e.g. [605].1 This knowledge will be further improved at the high-luminosity
phase of the LHC, reaching a precision in many cases well below the 10 % level [600]. Even at the
HL-LHC it will be, however, di�cult to obtain sensible measurements of certain Higgs interac-
tions, e.g. the coupling to charm quarks. Such gap could be covered by the precise measurements
of that channel at the LHeC, as described in Section 5.1, which brings a nice complementar-
ity between the measurements that would be possible at both machines. Furthermore, as also
explained in that section, the LHeC environment allows very precise determinations of certain
interactions, well beyond of what will be possible at the high-luminosity pp collider. In this
subsection we briefly describe the complementarity between the Higgs measurements at the pp

1Note that at the LHC one can only determine coupling ratios.
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In summary, the LHeC data promises significant improvements in the measurement precision
of fundamental electroweak parameters such as mW and sin2

✓
`

e↵ . The improved measurements
enhance the sensitivity of electroweak tests by a factor of two or more.

7.2 Higgs Physics

7.2.1 Impact of LHeC data on Higgs cross section predictions at the LHC

A detailed analysis of Higgs boson production cross sections was given in the report on Higgs
Physics at the HL-LHC and HE-LHC [600]. Central values at

p
s = 14TeV and the corre-

sponding uncertainties are reported in Tab. 7.4. Perturbative uncertainties (labelled ��scales in
Tab. 7.4) generally dominate compared to the contributions of ↵s and the PDFs. This is espe-
cially true for gluon fusion, where the residual theoretical uncertainties correspond to missing
corrections beyond N3LO in QCD, and for tt̄H production which is known to NLO QCD+EW
accuracy. The weak boson fusion, WH and ZH cross sections are known to NNLO QCD + NLO
EW accuracy; residual theoretical uncertainties are smaller for these weak interaction processes.

In Ref. [600], ↵s-related uncertainties are propagated assuming ↵s = 0.118 ± 0.0015, and the
assumed PDF uncertainties reflect the HL-LHC prospects [35]. They are in excess of 3% for
gluon fusion and tt̄H, below 2% for WH and ZH, and 0.4% for weak boson fusion. The LHeC
uncertainties in Tab. 7.4 are calculated using MCFM [601], interfaced to PDFs determined from
LHeC pseudodata as described in Chapter 3. Assuming the prospects for ↵s and PDFs described
in Chapter 3, and with the exception of weak-boson fusion production, the corresponding un-
certainties decrease by a factor 5 to 10.

Process �H [pb] ��scales ��PDF+↵s

HL-LHC PDF LHeC PDF

Gluon-fusion 54.7 5.4% 3.1 % 0.4 %
Vector-boson-fusion 4.3 2.1 % 0.4 % 0.3 %
pp ! WH 1.5 0.5 % 1.4 % 0.2%
pp ! ZH 1.0 3.5 % 1.9 % 0.3%
pp ! tt̄H 0.6 7.5 % 3.5 % 0.4%

Table 7.4: Predictions for Higgs boson production cross sections at the HL-LHC at
p

s = 14 TeV and
its associated relative uncertainties from scale variations and two PDF projections, HL-LHC and LHeC
PDFs, ��. The PDF uncertainties include uncertainties of ↵s.

The important, beneficial role of ep PDF information for LHC Higgs physics can also be illus-
trated using the predictions for the total cross section, pp ! HX at the LHC. This has recently
been calculated [602] to N3LO pQCD. In Fig. 7.5 calculations of this cross section are shown
for several recent sets of parton distributions, calculated with the iHix code [603], including the
LHeC set.

The e↵ect of these improvements on Higgs boson coupling determination at the HL-LHC is at
present modest, due to the combined e↵ect of still significant perturbative uncertainties and
of the expected experimental systematic uncertainties. The influence of the LHeC on these
measurements is further discussed in the next section.
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Cross sections of Higgs production calculated to N3LO 
using the iHix program for existing PDF parameterisation 
sets (left side) and for the LHeC PDFs (right side). 
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● Calculation in all production modes 
improved by better PDFs and αs.

Impact of LHeC on Higgs Xsection:
 NNNLO pp-Higgs Cross Sections at 14 TeV
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Figure 7.5: Cross sections of Higgs production calculated to N3LO using the iHix program [603] for existing
PDF parameterisation sets (left side) and for the LHeC PDFs (right side). The widths of the areas correspond
to the uncertainties as quoted by the various sets, having rescaled the CT14 uncertainties from 90 to 68% C.L.
Results (left) are included also for di↵erent values of the strong coupling constant ↵s(M

2
Z), from 0.114 to 0.120.

The inner LHeC uncertainty band (red) includes the expected systematic uncertainty due to the PDFs while the
outer box illustrates the expected uncertainty resulting from the determination of ↵s with the LHeC.

7.2.2 Higgs Couplings from a simultaneous analysis of pp and ep collision
data

The LHC data collected during the Runs I and II have provided a first exploration of the prop-
erties of the Higgs boson. The so-called  framework [604] – which allows modifications of the
SM-like couplings of the Higgs boson to each SM particle i, parameterised by coupling modifiers
i – has been widely used for the interpretation of these measurements. With current data, the
 parameters associated to the main couplings of the Higgs can be determined to a precision of
roughly 10-20 %, see e.g. [605].1 This knowledge will be further improved at the high-luminosity
phase of the LHC, reaching a precision in many cases well below the 10 % level [600]. Even at the
HL-LHC it will be, however, di�cult to obtain sensible measurements of certain Higgs interac-
tions, e.g. the coupling to charm quarks. Such gap could be covered by the precise measurements
of that channel at the LHeC, as described in Section 5.1, which brings a nice complementar-
ity between the measurements that would be possible at both machines. Furthermore, as also
explained in that section, the LHeC environment allows very precise determinations of certain
interactions, well beyond of what will be possible at the high-luminosity pp collider. In this
subsection we briefly describe the complementarity between the Higgs measurements at the pp

1Note that at the LHC one can only determine coupling ratios.

189

In summary, the LHeC data promises significant improvements in the measurement precision
of fundamental electroweak parameters such as mW and sin2

✓
`

e↵ . The improved measurements
enhance the sensitivity of electroweak tests by a factor of two or more.

7.2 Higgs Physics

7.2.1 Impact of LHeC data on Higgs cross section predictions at the LHC

A detailed analysis of Higgs boson production cross sections was given in the report on Higgs
Physics at the HL-LHC and HE-LHC [600]. Central values at

p
s = 14TeV and the corre-

sponding uncertainties are reported in Tab. 7.4. Perturbative uncertainties (labelled ��scales in
Tab. 7.4) generally dominate compared to the contributions of ↵s and the PDFs. This is espe-
cially true for gluon fusion, where the residual theoretical uncertainties correspond to missing
corrections beyond N3LO in QCD, and for tt̄H production which is known to NLO QCD+EW
accuracy. The weak boson fusion, WH and ZH cross sections are known to NNLO QCD + NLO
EW accuracy; residual theoretical uncertainties are smaller for these weak interaction processes.

In Ref. [600], ↵s-related uncertainties are propagated assuming ↵s = 0.118 ± 0.0015, and the
assumed PDF uncertainties reflect the HL-LHC prospects [35]. They are in excess of 3% for
gluon fusion and tt̄H, below 2% for WH and ZH, and 0.4% for weak boson fusion. The LHeC
uncertainties in Tab. 7.4 are calculated using MCFM [601], interfaced to PDFs determined from
LHeC pseudodata as described in Chapter 3. Assuming the prospects for ↵s and PDFs described
in Chapter 3, and with the exception of weak-boson fusion production, the corresponding un-
certainties decrease by a factor 5 to 10.

Process �H [pb] ��scales ��PDF+↵s

HL-LHC PDF LHeC PDF

Gluon-fusion 54.7 5.4% 3.1 % 0.4 %
Vector-boson-fusion 4.3 2.1 % 0.4 % 0.3 %
pp ! WH 1.5 0.5 % 1.4 % 0.2%
pp ! ZH 1.0 3.5 % 1.9 % 0.3%
pp ! tt̄H 0.6 7.5 % 3.5 % 0.4%

Table 7.4: Predictions for Higgs boson production cross sections at the HL-LHC at
p

s = 14 TeV and
its associated relative uncertainties from scale variations and two PDF projections, HL-LHC and LHeC
PDFs, ��. The PDF uncertainties include uncertainties of ↵s.

The important, beneficial role of ep PDF information for LHC Higgs physics can also be illus-
trated using the predictions for the total cross section, pp ! HX at the LHC. This has recently
been calculated [602] to N3LO pQCD. In Fig. 7.5 calculations of this cross section are shown
for several recent sets of parton distributions, calculated with the iHix code [603], including the
LHeC set.

The e↵ect of these improvements on Higgs boson coupling determination at the HL-LHC is at
present modest, due to the combined e↵ect of still significant perturbative uncertainties and
of the expected experimental systematic uncertainties. The influence of the LHeC on these
measurements is further discussed in the next section.
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Cross sections of Higgs production calculated to N3LO 
using the iHix program for existing PDF parameterisation 
sets (left side) and for the LHeC PDFs (right side). 

Open items:

➜ Full HL-LHC+LHeC SMEFT analysis with EW input.
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● ep collider is ideal to study common features of electrons and quarks with EW / VBF 
production, LQ, forward objects, long-lived particles.

● BSM programme at ep aims to:
➜ Explore new and/or challenging scenarios.
➜ Characterize hints for new physics if some excess or deviations from the SM are found at pp 
colliders.

● Differences and complementarities with pp colliders.

● Some promising aspects:
➜ small background due to absence of QCD interaction between e and p;
➜ very low pileup.

● Some difficult aspects: low production rate for NP processes due to small Ecm.

● Here only some examples…
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● New exotic scalars (X) from Higgs decay: displaced signatures if long-lived.
● X → 2+ charged particles above pT threshold to identify DV and r>rmin from PV: LLP.

Improvements wrt HL-LHC

8.6. FEEBLY-INTERACTING PARTICLES 135

H†H operator of the SM. The minimal scalar portal model operates with one extra singlet field
S and two types of couplings, µ (or sinq ) and lHS [352]. The coupling constant lHS leads to
pair-production of S but cannot induce its decay, which requires a non-vanishing sinq . This
portal has several theoretical motivations. The new scalar can generate the baryon asymmetry
of the Universe [511] and play the role of mediator between SM particles and light DM in
case of secluded annihilations (cc ! ff , where c is the light DM particle and f the light
scalar mediator) [512]. It can also address the Higgs fine-tuning problem (via the relaxion
mechanism [513]), which generically leads to relaxion-Higgs mixing [514] and provides an
alternative baryogenesis mechanism [515] and a DM candidate [516, 517].

The experimental sensitivities are shown in Fig. 8.17. Shaded grey areas are already ex-
cluded, as detailed in Ref. [360]. The low-mass (< 10 GeV, see Chapter 9), low-coupling range
is optimally covered by SHiP at the Beam Dump Facility and MATHUSLA200. FASER2, with
3 ab�1 will explore the region above few GeV compatible with that of CODEX-b. MATH-
USLA200 has a unique reach in the high-mass and very low-coupling regime. Vertical lines
correspond to the bounds on the Higgs/dark-Higgs quartic coupling lHS and on m2

S/v2 from the
projections for the untagged-Higgs at future colliders [39] (see discussion in [518]). The mass
range above a few GeV can be explored also by CLIC and LHeC/FCC-eh using the displaced-
vertex technique. The large-coupling regime is covered by e+e� colliders using the recoil
technique (e+e� ! ZS) or running at the Z-pole, via the process e+e� ! Z ! S`+`�.

Fig. 8.17: Exclusion limits for a Dark Scalar mixing with the Higgs boson. LHeC, FCC-eh,
CLIC (all stages) curves and the vertical lines correspond to 95% CL exclusion limits, while all
others to 90% CL exclusion limits. See text for details.

In the limit of small mixing angle, one can bound the Higgs/dark-Higgs quartic coupling lHS
via the Higgs invisible width, which is naturally expected to satisfy the relation lHS . m2

S/v2.
In Table 8.3 projections for the constraints on lHS and the scalar mass for various future collider
options are provided.

Covering regions between pp and e+e- / low 
energy experiments
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● Searches for Higgsinos with masses O(100) GeV appearing in natural SUSY theories, 
through disappearing tracks.
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FIG. 4. Example of dominant Higgsino (left) and Higgs (right)
production processes at e�p colliders. V = W± or Z as required.

see e.g. ref. [101]. Sensitivity projections are summarized
in Fig. 3 (bottom), and notably constrain short lifetimes but
not long ones. This is due to the coupling to the Higgs bo-
son, which mediates nuclear scattering and depends on the
Higgsino-Bino mixing angle, or, equivalently, �m � �1�loop

and only becomes appreciable for mass splittings ⇠ GeV.
Hence, the lack of signals in direct detection strongly favors
a highly compressed spectra.8 The most sensitive of these
future experiments is DARWIN [122], which will be able to
probe DM-nucleon cross sections very close to the so-called
neutrino floor, where backgrounds from solar, cosmic and
atmospheric neutrinos become relevant. For thermal Hig-
gsino DM, this scattering rate corresponds to mass splittings
of about 0.5 GeV.9 Probing cross sections below the neutrino
floor will be much more challenging.

Indirect detection experiments search for signs of dark mat-
ter annihilation in the cosmic ray spectra. Assuming a thermal
relic abundance, current bounds from Fermi disfavor masses
below 280 GeV, with proposed CTA measurements being sen-
sitive to m� ⇠ 350 GeV [131]. AMS antiproton data might
exclude somewhat higher masses [132], but that bound is sub-
ject to very large uncertainties.

While these cosmological bounds complement collider
searches, they are much more model-dependent. One can
imagine a Higgsino-like inert doublet scenario which does not
give rise to a stable dark matter candidate (e.g. the lightest
neutral state could decay to additional hidden sector states),
making colliders the only direct way to probe their exis-
tence. Even if the assumptions about cosmology hold, col-
lider searches are vital to fill in the blind spots below the neu-
trino floor. If a direct detection signal is found, the precise
nature of dark matter would then have to be confirmed with
collider searches. Finally, even with the most optimistic pro-
jections there are regions of parameter space at intermediate
mass splitting (lifetimes . mm) that are difficult to probe us-
ing both direct detection and current strategies at pp colliders.

8 It is also possible to have an accidentally small (or null) coupling of Higgs
to dark matter in the so called blind-spots [130]. We will not consider this
option further in this work.

9 This implies a lower bound on the singlet mass of 10 TeV. The singlet might
then be well outside the reach of both the present and future generation of
collider experiments.

FIG. 5. Production rate of Higgsinos at e�p colliders. The fraction
of events with two charged Higgsino LLPs is ⇠ 40� 50%.

C. Higgsino search at e�p colliders

At e
�

p colliders, Higgsinos are produced dominantly in
VBF processes as shown in Fig. 4 (left). Since the produc-
tion process is 2 ! 4 it suffers significant phase space sup-
pression and has a rather small cross section, as shown in
Fig. 5. Fortunately, the spectacular nature of the LLP sig-
nal, and the clean experimental environment, still allows for
significant improvements in reach compared to the existing
search strategies outlined in the previous subsection.

LLP signature

We first consider searches at the LHeC. Weak-scale Higgsi-
nos are produced in association with a recoiling, highly ener-
getic jet with pT > 20 GeV. This jet alone will ensure that
the event passes trigger thresholds and is recorded for offline
analysis. Crucially, the measurement of this jet will also deter-
mine the position of the primary vertex (PV) associated with
the Higgsino production process.

Due to the asymmetric beams the center-of-mass frame of
the process is boosted by bcom ⇡

1
2

p
Ee/Ep ⇡ 5.5 with re-

spect to the lab frame. Subsequently, the long lived charginos
are typically significantly boosted along the proton beam di-
rection, which increases their lifetime in the laboratory frame.

For small mass splittings . 1 GeV considered here,
the dominant decay modes of the Higgsinos are to single
⇡

±
, e

±
, µ

± + invisible particles. The single visible charged
particle typically has transverse momenta in the O(0.1 GeV)
range. In the clean environment (i.e. low pile up) of the e

�
p

collider, such single low-energy charged tracks can be reliably
reconstructed.

Analysis strategy

The following offline analysis strategy is sketched out in
Fig. 6. One or two charginos are produced at the PV, which is
identified by the triggering jet (A). A chargino decaying to a

black curves: projected 
bounds from disappearing 
track searches for HL-LHC 
(optimistic and pessimistic)

green (blue) region: 2σ 
sensitivity estimate in the 
presence of τ 
backgrounds; 10 (100) 
events with LLP observed.

● Larger sensitivity to 
very short lifetimes than 
pp colliders.

1712.07135  
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● In general, weakly produced and/or non-promptly decaying particles very challenging at pp 
and e+e- colliders: good complementarity with ep colliders, similarly to the case of the Higgs 
exotics decays, sterile neutrinos.

HL-LHC FCC-hh/SppC

Figure 10: First look at the possible 1� sensitivity of the lepton-number-conserving signatures (see tab. 4) for sterile neutrino searches at pp
colliders. We consider an integrated total luminosity of 3 and 20 ab�1 for the HL-LHC (

p
s = 14 TeV) and the FCC-hh/SppC (

p
s = 100 TeV),

respectively. The grey horizontal line denotes the present upper bound on the mixing angle |✓⌧ |2 at the 90% confidence level. For details on the
calculation of the sensitivities on the parton level, see section A.3 in the appendix.

ergies up to 3.5 TeV with comparable luminosities to the
LHeC, cf. ref. [105].

First studies of right-handed currents and heavy neutrinos
in high-energy e�p collisions [106,107] have been conducted
for HERA at DESY, which was the first machine of this kind
and operated from 1992 to 2007. They were motivated by
extended gauge sectors, such as left-right symmetric mod-
els, or quark-lepton unified gauge groups. The discussion of
searches for heavy neutrinos at an LHeC-like collider started
with ref. [108] soon after the commissioning of HERA. Re-
cently, right-handed neutrino searches at e�p colliders were
investigated in the context of seesaw models [109–111], e↵ec-
tive field theories [112], and in left-right symmetric [113,114]
theories.

5.1 Production mechanism

At e�p colliders the heavy neutrinos can be produced e�-
ciently from the incident electron beam via the production
channel Wt, see also sec. 2.2.1. When the electron interacts
with the quark current of the proton, the heavy neutrino is
produced together with a quark jet and we label this chan-
nel Wt

(q) (see in fig. 12 (top)). On the other hand, W�-
fusion gives rise to a heavy neutrino with a W� boson when
the electron interacts with an initial state photon stemming
from the proton. We label this channel Wt

(�) (see in fig. 12
(bottom)) and remark that it is suppressed by the parton
distribution function of the photon.

Both production channels are dependent on the active-
sterile mixing parameter |✓e|. We show the production cross
section �N divided by |✓e|2 for heavy neutrinos via Wt

(q)

and Wt
(�), respectively, at the LHeC and the FCC-eh in

fig. 13 as a function of the heavy neutrino mass M .

production channel: Wt
(q)

production channel: Wt
(�)

Figure 12: Feynman diagrams denoting the production channels for
heavy neutrinos in electron-proton scattering at the leading order. The
dominant and suppressed production channel proceeds via t-channelW
boson exchange and gauge boson fusion, respectively.
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e�p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from

4

active-sterile neutrino mixing with 
the electron flavour à |θe|2 

Sterile neutrinos - III Antusch et al.; arXiv:1908.02852 [hep-ph]

e�

p j

W�

N
`�
↵

J

Promising signatures in electron-proton collisions:

I NB: production cross section not very much suppressed.

I Lepton-flavor violating final states: µ+jets, ⌧ + jets (no MET):

Tiny SM backgrounds, large signal-to-background ratio.

I Displaced vertices for MN < mW (parton level analysis):

Excellent vertexing and almost no conceivable backgrounds.

Oliver Fischer Physics Beyond the Standard Model - I 12 / 14

Sensitivity of the LFV 
lepton-trijet searches (at 95 
% C.L.) and of the DV one 
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● Additional gauge boson mixed with the U(1)Y SM factor 
kinetically.
● Masses O(1) GeV, QED-like interactions, small mixing ε. 
● Decay to pairs of leptons, hadrons, or quarks, which can 
give rise to a displaced vertex.

p
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� 0

e�

�

p X

e�

e�
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Figure 1: Feynman diagrams for the dark photon production processes in electron-proton collisions. Here p and X denotes a parton
from the beam proton before and after the scattering process, respectively.

Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.

comparable (larger) cross section and results in larger (smaller) angles for the �0 emission. We expect that
these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions. This process is shown schematically in Fig. 3. In general in collisions
with low momentum transfer the scattering angles of the electron and X are small compared to the respective
beams. Therefore the electron and proton beams are used to define the backward and forward hemispheres of the
detector, which are optimized for low energy electromagnetic radiation and high energy hadrons, respectively.

Characteristic for the DIS production process of the dark photon are the small scattering angles of the de-
flected electron and parton from the beam interaction, which are, however, still within the geometric acceptance
of the LHeC and FCC-he detectors. The �0 is typically emitted from the electron and has a very small emission
angle. We find in our numerical simulation that the decay products, the fermion pair, carry a low momentum,
and a transverse momentum that is roughly twice the dark photon mass. For m�0 > 10 MeV, the resulting
transverse momentum together with the magnetic field in the detector with B = 3.5 T yields a gyroradius for
electrons that is larger than the radius of the beam pipe (which is asymmetric: on three sides 2.2 cm and 11 cm

Figure 3: Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger
(smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state
X and the scattered electron e. From the primary vertex (labeled “PV” ) inside the interaction region the dark photon �0 emerges
and decays after some finite distance into the two charged particles f+ and f�.
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Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.
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these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions. This process is shown schematically in Fig. 3. In general in collisions
with low momentum transfer the scattering angles of the electron and X are small compared to the respective
beams. Therefore the electron and proton beams are used to define the backward and forward hemispheres of the
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8.6. FEEBLY-INTERACTING PARTICLES 133

of the efforts have so far concentrated on the search for new particles with sizeable couplings1

to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,2

is that particles responsible for the still unexplained phenomena are below the EW scale and3

have not been detected because they interact too feebly with SM particles. These particles4

would belong to an entirely new sector, the so-called hidden or dark sector. While masses and5

interactions of particles in the dark sector are largely unknown, the mass range between the6

MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,7

and is the subject of this section.8

An important motivation for new physics in this mass range is DM (see Chapter 9), which9

could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-10

mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe11

and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-12

dance [484–489]. These mediators, which must be singlets under the SM gauge symmetry, can13

lead to couplings of feebly-interacting particles to the SM through portal operators.14

8.6.1 The formalism of portals15

Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-16

invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely17

the scheme used in the Physics Beyond Colliders study [354], four types of portal are consid-18

ered:19

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y
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Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field21

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;22

and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three23

cases are the only possible renormalisable portal interactions. While many new operators can24

be written at the non-renormalisable level, a particularly important example is provided by the25

axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.26

8.6.2 Experimental sensitivities27

The portal framework is used to define some benchmark cases, for which sensitivities of dif-28

ferent experimental proposals are evaluated and compared with each other. Unless otherwise29

stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-30

ature has been using this standard.31

Vector portal32

New light vector particles mixed with the photon are not uncommon in BSM models containing33

hidden sectors, possibly related to the DM problem. The parameters describing this class of34

models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary35

photon; aD = g2
D/4p is the coupling strength of the dark photon with DM; and mA0 and mc36

are the dark photon and DM particle mass, respectively. The study of experimental sensitivities37
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Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [442]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [496], A1 [497] and BaBar [498] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [499] and E137 [500, 501] at
SLAC, E774 at Fermilab [502], CHARM [503] and NuCal [504].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [430], NA62 in dump mode [505]), and by FASER at the ATLAS interaction
point [506] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [507] and Belle-II [339]. Future collider experiments (HL-LHC [488], CEPC [508],
FCC-ee [509], FCC-eh [510], FCC-hh [488], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear

Covering regions 
between pp and 
e+e- / low energy 
experiments
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● Additional gauge boson mixed with the U(1)Y SM factor 
kinetically.
● Masses O(1) GeV, QED-like interactions, small mixing ε. 
● Decay to pairs of leptons, hadrons, or quarks, which can 
give rise to a displaced vertex.
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Figure 1: Feynman diagrams for the dark photon production processes in electron-proton collisions. Here p and X denotes a parton
from the beam proton before and after the scattering process, respectively.

Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.

comparable (larger) cross section and results in larger (smaller) angles for the �0 emission. We expect that
these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions. This process is shown schematically in Fig. 3. In general in collisions
with low momentum transfer the scattering angles of the electron and X are small compared to the respective
beams. Therefore the electron and proton beams are used to define the backward and forward hemispheres of the
detector, which are optimized for low energy electromagnetic radiation and high energy hadrons, respectively.

Characteristic for the DIS production process of the dark photon are the small scattering angles of the de-
flected electron and parton from the beam interaction, which are, however, still within the geometric acceptance
of the LHeC and FCC-he detectors. The �0 is typically emitted from the electron and has a very small emission
angle. We find in our numerical simulation that the decay products, the fermion pair, carry a low momentum,
and a transverse momentum that is roughly twice the dark photon mass. For m�0 > 10 MeV, the resulting
transverse momentum together with the magnetic field in the detector with B = 3.5 T yields a gyroradius for
electrons that is larger than the radius of the beam pipe (which is asymmetric: on three sides 2.2 cm and 11 cm

Figure 3: Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger
(smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state
X and the scattered electron e. From the primary vertex (labeled “PV” ) inside the interaction region the dark photon �0 emerges
and decays after some finite distance into the two charged particles f+ and f�.
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Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.
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8.6. FEEBLY-INTERACTING PARTICLES 133

of the efforts have so far concentrated on the search for new particles with sizeable couplings1

to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,2

is that particles responsible for the still unexplained phenomena are below the EW scale and3

have not been detected because they interact too feebly with SM particles. These particles4

would belong to an entirely new sector, the so-called hidden or dark sector. While masses and5

interactions of particles in the dark sector are largely unknown, the mass range between the6

MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,7

and is the subject of this section.8

An important motivation for new physics in this mass range is DM (see Chapter 9), which9

could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-10

mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe11

and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-12

dance [484–489]. These mediators, which must be singlets under the SM gauge symmetry, can13

lead to couplings of feebly-interacting particles to the SM through portal operators.14

8.6.1 The formalism of portals15

Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-16

invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely17

the scheme used in the Physics Beyond Colliders study [354], four types of portal are consid-18

ered:19

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

20

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field21

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;22

and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three23

cases are the only possible renormalisable portal interactions. While many new operators can24

be written at the non-renormalisable level, a particularly important example is provided by the25

axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.26

8.6.2 Experimental sensitivities27

The portal framework is used to define some benchmark cases, for which sensitivities of dif-28

ferent experimental proposals are evaluated and compared with each other. Unless otherwise29

stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-30

ature has been using this standard.31

Vector portal32

New light vector particles mixed with the photon are not uncommon in BSM models containing33

hidden sectors, possibly related to the DM problem. The parameters describing this class of34

models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary35

photon; aD = g2
D/4p is the coupling strength of the dark photon with DM; and mA0 and mc36

are the dark photon and DM particle mass, respectively. The study of experimental sensitivities37
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Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [442]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [496], A1 [497] and BaBar [498] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [499] and E137 [500, 501] at
SLAC, E774 at Fermilab [502], CHARM [503] and NuCal [504].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [430], NA62 in dump mode [505]), and by FASER at the ATLAS interaction
point [506] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [507] and Belle-II [339]. Future collider experiments (HL-LHC [488], CEPC [508],
FCC-ee [509], FCC-eh [510], FCC-hh [488], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear

Covering regions 
between pp and 
e+e- / low energy 
experiments

Open items:

➜ Exotics Higgs decays (e.g. in scalars LL, or axions);
➜ compositeness;
➜ Dark Matter searches in simplified models;
➜ sensitivity for observing a leptoquarks mixing to third generation;
➜ LFV in τ’s.



Summary:
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●  LHeC and FCC-eh:
➜ Have a physics case on their own: 
obviously QCD (both precision and 
discovery in ep and eA), but also EW, top, 
Higgs, BSM.
➜ Enlarge the reach of hadronic colliders 
into (higher) precision (PDFs, factorisation), 
both for pp and for AA.
➜ Have complementarities and synergies 
with the other collision modes: hh and e+e-.

●  LHeC gives the possibility of new accelerator 
and detector development at CERN in the 
2030’s that sustains HL-LHC while preparing for 
colliders that cost   BCHF.𝒪(10)



Open questions and further work to be done:
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Topic Open items & to be done

All
DIS MC for very high energies (ep and eA), including H, Z, W, top, photon in p, and 

radiative corrections; multi jet production; complementarity with hh; studies with full 
detector simulation (once IR is designed)

PDFs, αs N3LO evolution and massive ME; NNLO for differential heavy quark production

Small-x 
dynamics, eA

Impact of resummation on hadronic observables other than Higgs; study on ability of 
LHeC/FCC-eh to discriminate between different small-x treatments, in both ep and eA

Higgs Full HL-LHC+LHeC SMEFT analysis with EW input

EW EW corrections in MSbar for comparing results; 2-loop EW corrections and beyond

BSM Exotics Higgs decays (e.g. in scalars LL, or axions); compositeness;
Dark Matter searches in simplified models; LFV in taus; LQs mixing to third generation 



Backup:
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Lepton-proton/nucleus scattering facilities

CepC-
SppC-ep

Accelerators:

32 N. Armesto, 20.07.2020Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.

Luminosities: ~1034 (1033) cm-2s-1 
in ep (ePb) (details in backup).

∫



33 N. Armesto, 20.07.2020

● Constraints on ep:
➜ Synchronous with pp.
➜ No disruption on 
(HL-)LHC or FCC-hh 
working.
➜ Power consumption 
< 100 MW (70 MW for 
accelerator).
➜ High luminosity ~ 
1034 cm-2s-1 for Higgs 
studies.
➜ Ee>50 GeV for Higgs, 
top and BSM studies.

⇒ led to the 3-pass 
energy recovery 
racetrack.

● Modular for HL-LHC and FCC-hh.
● Injector for FCC-ee?
● γp/γγ collider?

● ERL for electron cooling at EIC.
● PERLE@Orasay: demonstrator.

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.

ERL:



Footprint:

34 N. Armesto, 20.07.2020

● IP2 as preferred location: larger cavern, 
smaller/simpler infrastructure required, ALICE 
finishes in LS4 (but new experiment proposed?).

● Points A and G for the GPDs, present option 
for ep seems to be point L.

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.



Footprint:

34 N. Armesto, 20.07.2020Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.



Luminosities:

35 N. Armesto, 20.07.2020

∫
● P=±0.8 (electrons): important for Higgs, not 
used in BSM.
● Positrons: P=0, ~1/1000 luminosity.
● FCC-eh could deliver ~2 ab-1.
● ePb integrated luminosities can be estimated 
1/100 those in ep (10 times smaller luminosity 
times 10 times smaller running time).

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.

ep

ePb



Components and cost:

36 N. Armesto, 20.07.2020

A. Bogacz, full lattice simulation for ERL at 50 GeV

● Cost estimate for 60 / 50 / 30 [phase 1 of 50] GeV Ee: 1.7 / 1.3/ 1.0 BSF [conservative: in 
doubt took the largest value, resulting estimated for ILC 30% higher than default]. 
● 802 MHz four 5-cell cavity cryomodule: 112/linac → industrialisation will determine eventual 
cost; civil engineering gives 265 MSF. O. Brüning at EPS-HEP 2019

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.



● ERL: a revolutionary technology ripe for real applications in HEP (ERL for FCC-ee?), low 
energy and industrial areas, of huge potential just evolving.
● 3-pass, high current demonstrator: PERLE to be built at LAL Orsay, 802 MHz SRF cavities, 
beam energy 500 MeV for accelerator technology but also for detector and component test, 
photo-nuclear reactions, proton radius, low energy EW physics,…

● PERLE: BINP, CERN, Daresbury, Liverpool, JLab, Orsay+.
● It could be used as LHeC injector.
● 802 MHz 5-cell Nb cavity built (JLab+CERN): prototype for 
both LHeC and FCC-ee.

● Ongoing: installation of the e-gun, construction of the second cavity, design of criomodule and HOM 
coupling, radiation protection, hirings.

PERLE:

37 N. Armesto, 20.07.2020Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.



PERLE:

37 N. Armesto, 20.07.2020

Walid Kaabi (Orsay)

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.



Interaction region:

38 N. Armesto, 20.07.2020

● Need to bend the electron (dipoles 
close to the interaction point) and to 
accommodate 3 beams: design of IR 
crucial.

● Design of the 
quadrupoles and 
synchrotron radiation 
shielding ongoing.

Synchrotron 
radiation HERA LHeC

Ecrit [KeV] 150 ~280

Power 28 ~40

Future Electro-Proton and Electron-Hadron Colliders: 1. Introduction.



QCD: parton densities

39Future Electro-Proton and Electron-Hadron Colliders: 2. Physics. N. Armesto, 20.07.2020

● For the first 
time: complete 
resolution of 
flavour and gluon 
parton 
substructure: 
system/
experiment, in 
unprecedented 
kinematic range 
(no higher twists, 
no nuclear 
corrections,…):



Diffraction and transverse structure:

40Future Electro-Proton and Electron-Hadron Colliders: 2. Physics. N. Armesto, 20.07.2020

● Diffraction: probability of ep inelastic interaction keeping the proton intact (10-15 % at HERA).
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● Inclusive diffraction: precise 
determination of diffractive PDFs.

● Exclusive diffraction: transverse 
partonic structure, hot spots 
(fluctuations of density in 
coherent ep→eXp versus 
incoherent ep→eXp*).

1402.4831



Quark and gluon GPDs:

41 N. Armesto, 20.07.2020Future Electro-Proton and Electron-Hadron Colliders: 2. Physics.

● Coherent exclusive production of γ and VM yields information about q and g GPDs.

LHeC 1206.2913
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Quark and gluon GPDs:

41 N. Armesto, 20.07.2020Future Electro-Proton and Electron-Hadron Colliders: 2. Physics.

● Coherent exclusive production of γ and VM yields information about q and g GPDs.
● Incoherent exclusive production yields information about fluctuations: hot spots.
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● LHeC/FCC-eh 
ePb pseudodata 
included in 
EPPS16-like 
global fits: large 
impact.

● Inclusion of 
charm has 
sizeable impact 
(on glue).
● Not yet 
included: beauty, 
c-tagged CC for 
strange.
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Higgs in ep: signal strength
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● Decays to bb and cc, P=-0.8, detector level analysis with HF tagger, efficiency 60-75 (10) % for 
b(c)-tagged jets.
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Figure 5.5: Invariant dijet mass distribution at DELPHES detector-level expected for 1 ab�1 and -80 %
electron polarisation at LHeC. The S/B is about 2.9 for the events in the Higgs mass range of 100 to
130 GeV. Events are generated with MadGraph using MH = 125 GeV and showered with PYTHIA
6.4, and subject to cut-based event selection criteria, see text for further details. Note that samples are
generated with a minimum dijet mass cut of 60 GeV.

where for ⌘min = 3 the parameter b (d) is varied within 1 (3) and 7 (9) % for two resolution
parameters a (c) of either 30 (60) and 35 (45) %. Alternatively, the central range was restricted
to ⌘min = 2 with parameter b (d) of 3 (5) % for resolution parameters a (c) of 35 (45) %. While
using the same analysis cuts, the signal yields varied within 34 %, it could be shown that with
adjusted set of cuts (notably the choices of cuts for Higgs mass range, ��b,MET , and forward
⌘) the SM H ! bb̄ signal strength �µ/µ varied with a fractional uncertainty of at most 7 %.

The cut-based H ! bb̄ signal strength analyses are su↵ering from rather low acceptance times
selection e�ciencies in the range of 3 to 4 % only. Similarly a recent cut-based H ! cc̄ study [497]
showed the potential of those measurements at LHeC and CEPC, however, due to the very harsh
cuts and too simple analysis strategies with very limited outcome only. Modern state-of-the-
art analysis techniques, e.g. as performed for finding H ! bb̄ at the LHC regardless of the
overwhelming QCD jet background, are based on neural networks.

Boosted Decision Tree (BDT) H ! bb̄ and H ! cc̄ analyses using the Toolkit for Multivariate
Data Analysis with ROOT (TMVA) [498] are performed using independently produced signal
and background samples based on the same setup as for the cut-based analyses, see Fig. 5.5.
Those analyses start with loose preselections of at least three anti-kt jets with pT > 15 GeV
without any further heavy flavour tagging in addition to the CC DIS kinematic cuts of Q

2
h

> 400
GeV2, yh < 0.9, and missing energy E

miss
T

> 20 GeV. The invariant mass distributions using
anti-kt R = 0.5 jets are illustrated in Fig. 5.6, where the mass distributions in the upper plots
illustrate in particular the single top contributions and the subsequent significant Higgs signal
loss if simple anti-top cuts would be applied. In the lower plot of Fig. 5.6 the invariant dijet
mass distribution of untagged Higgs signal candidates is seen clearly above the background
contributions in the expected mass range of 100 to 130 GeV. It is observed that the remaining
background is dominated by CC multi-jets. The quantities represented in the three distributions
of Fig. 5.6 are important inputs for the BDT neural network in addition to further variables
describing e.g. the pseudorapidities of the Higgs and forward jet candidates including jet and
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Figure 5.9: Result of the joint H ! bb̄ and H ! cc̄ analysis for an integrated luminosity of 1 ab�1

and -80% electron polarisation at the LHeC. Left: Invariant mass distributions for the two channels with
signal and background, see text. Right: Expected Higgs signal distributions after background subtraction.
The background is assumed to be at the 2% level via control region measurements.

Figure 5.10: Typical lepton-parton diagrams relevant to the H ! WW analysis: a) inclusive charged
current deep inelastic scattering into a neutrino (missing energy) and a scattered jet, here arising from
the hadronisation of a d-quark; b) signal: CC DIS with a Higgs produced in the t-channel and its decay
into a pair of W bosons which generates a four-jet final state, besides the forward jet. The other diagrams
are examples to illustrate background channels which at higher orders, with extra emissions, may mimic
the signal configuration: c) single W -boson production; d) single top-quark production; e) QCD multi-jet
production and f) single Z-boson production.
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● Decays to bb and cc, P=-0.8, detector 
level analysis with HF tagger, efficiency 
60-75 (10) % for b(c)-tagged jets.
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electron polarisation at LHeC. The S/B is about 2.9 for the events in the Higgs mass range of 100 to
130 GeV. Events are generated with MadGraph using MH = 125 GeV and showered with PYTHIA
6.4, and subject to cut-based event selection criteria, see text for further details. Note that samples are
generated with a minimum dijet mass cut of 60 GeV.
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to ⌘min = 2 with parameter b (d) of 3 (5) % for resolution parameters a (c) of 35 (45) %. While
using the same analysis cuts, the signal yields varied within 34 %, it could be shown that with
adjusted set of cuts (notably the choices of cuts for Higgs mass range, ��b,MET , and forward
⌘) the SM H ! bb̄ signal strength �µ/µ varied with a fractional uncertainty of at most 7 %.

The cut-based H ! bb̄ signal strength analyses are su↵ering from rather low acceptance times
selection e�ciencies in the range of 3 to 4 % only. Similarly a recent cut-based H ! cc̄ study [497]
showed the potential of those measurements at LHeC and CEPC, however, due to the very harsh
cuts and too simple analysis strategies with very limited outcome only. Modern state-of-the-
art analysis techniques, e.g. as performed for finding H ! bb̄ at the LHC regardless of the
overwhelming QCD jet background, are based on neural networks.

Boosted Decision Tree (BDT) H ! bb̄ and H ! cc̄ analyses using the Toolkit for Multivariate
Data Analysis with ROOT (TMVA) [498] are performed using independently produced signal
and background samples based on the same setup as for the cut-based analyses, see Fig. 5.5.
Those analyses start with loose preselections of at least three anti-kt jets with pT > 15 GeV
without any further heavy flavour tagging in addition to the CC DIS kinematic cuts of Q
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anti-kt R = 0.5 jets are illustrated in Fig. 5.6, where the mass distributions in the upper plots
illustrate in particular the single top contributions and the subsequent significant Higgs signal
loss if simple anti-top cuts would be applied. In the lower plot of Fig. 5.6 the invariant dijet
mass distribution of untagged Higgs signal candidates is seen clearly above the background
contributions in the expected mass range of 100 to 130 GeV. It is observed that the remaining
background is dominated by CC multi-jets. The quantities represented in the three distributions
of Fig. 5.6 are important inputs for the BDT neural network in addition to further variables
describing e.g. the pseudorapidities of the Higgs and forward jet candidates including jet and
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LHeC:        1 ab-1 Ep=7 TeV

HE LHeC:   2 ab-1 Ep=13 TeV 

FCC-eh:      2 ab-1 Ep=50 TeV
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● κi : coupling strength modified 
parameters, powerful method to 
parameterise possible deviations 
from SM couplings. 

Higgs physics: κ framework

FCC Physics Opportunities
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Figure 4.11: Uncertainties of signal strength determinations in the seven most abundant SM Higgs decay
channels for the FCC-eh (green, 2 ab�1), the HE-LHeC (brown, 2 ab�1) and LHeC (blue, 1 ab�1), in
charged and neutral current DIS production.

4.5.2 Determination of Higgs Couplings
The amplitude of the subprocess, VV!H!XX (X=b, W, g, t, c, Z, g) involves a coupling to the vector
boson V, scaling as V , and the coupling to the decay particle X, proportional to X , modulated by a 
dependent factor due to the total decay width. This leads to the following scaling of the signal strength

µV
X = 2

V · 2
X · 1

P
j 2

jBRj

, (4.1)

which is the ratio of the experimental to the theoretical cross sections, expected to be 1 in the SM.
Measurements of this quantity at the LHC are currently accurate to O(20) % and will reach the O(5) %
level at the HL-LHC. With the joint CC and NC measurements of the various decays, considering the
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Figure 4.12: Determination of the  scaling parameter uncertainties, from a joint SM fit of CC and NC
signal strength results for the FCC-eh (green, 2 ab�1), the HE LHeC (brown, 2 ab�1) and LHeC (blue,
1 ab�1).

seven most abundant ones illustrated in Fig. 4.11, one constrains with the above equation the seven X

parameters. The joint measurement of NC and CC Higgs decays provides 9 constraints on W and 9 on
Z together with 2 each for the five other decay channels considered. Since the dominating channel of
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Figure 5.19: Electron-jet invariant mass distribution for the Higgs to invisible decay signal (normalized
to 100% branching ratio) and the stacked backgrounds for an integrated luminosity of 1 ab�1 at the
LHeC after all selection cuts.

variable for the signal and background (both area normalised). An optimization on the statistical
significance is found at the BDT score > 0.25, and the resulting mass distribution is shown
in Fig. 5.21. With 1 ab�1 of integrated luminosity, a two � sensitivity of 5.5% is obtained
consistent with the previous results. For a comparison, an estimate of 3.5 % is given for a HL-
LHC sensitivity study on this channel [514]. The result on the LHeC may be further improved
in the future with a refined BDT analysis when one introduces extra parameters, beyond those
initially introduced with the cut based analysis.
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Figure 5.20: BDT output score distribution for
the Higgs to invisible decay signal and the stacked
backgrounds (both area normalized) at the LHeC.
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Figure 5.21: Electron-jet invariant mass distri-
bution for the Higgs to invisible decay signal (nor-
malized to 100% branching ratio) and the stacked
backgrounds for an integrated luminosity of 1 ab�1

at the LHeC after the BDT score cut of 0.25.

In these initial studies no systematic uncertainties were considered. This may be justified with
the very a clean environment of electron-hadron collider, in which precise measurements of W

and Z production will be made, for example in their decays to muons, for accurately controlling
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Note: good potential for 
improving on Higgs invisible 
with HL+LHeC but more 
refined analyses needed 

Figure 6.2: Sensitivity contours for displaced vertex searches for Higgs decays into long-lived scalar
particles (LLP), which are pair produced from decays of the Higgs boson and decay themselves via scalar
mixing into fully visible final states. Left: As a function of the LLP lifetime for a fixed mass from
Ref. [535]. Right: For a specific model, where lifetime and production rate of the LLP are governed by
the scalar mixing angle. The contours are for 3 events and consider displacements larger than 50µm to
be free of background.

state. A shape analysis on the di↵erential cross sections shows in some cases improvements with
respect to the high-luminosity LHC forecasts.

6.2.5 Exotic Higgs boson decays

The LHeC sensitivity to an invisibly decaying Higgs boson was investigated in Ref. [513]. Therein
the focus is on the neutral current production channel due to the enhanced number of observ-
ables compared to the charged current counterpart. The signal contains one electron, one jet
and large missing energy. A cut-based parton level analysis yields the estimated sensitivity of
Br(h !invisible) = 6 % at 2� level. Exotic decays of the Higgs boson into a pair of light spin-0
particles referred to as � was discussed in Ref. [534]. The studied signature is a final state with
4 b-quarks, which is well motivated in models where the scalars can mix with the Higgs doublet,
and su↵ers from multiple backgrounds at the LHC. The analysis is carried out at the parton
level, where simple selection requirements render the signature nearly free of SM background
and makes � with masses in the range [20, 60] GeV testable for a hV V (V = W, Z) coupling
strength relative to the SM at a few per-mille level and at 95 % confidence level.

The prospects of testing exotic Higgs decays into pairs of light long-lived particles at the LHeC
were studied in Ref. [535] where it was shown that proper lifetimes as small as µm could be
tested, which is significantly better compared to the LHC. This is shown in Fig. 6.2 (left). This
information can be interpreted in a model where the long-lived particles are light scalars that mix
with the Higgs doublet, where both, production and decay, are governed by this scalar mixing
angle. The area in the mass-mixing parameter space that give rise to at least 3 observable
events with a displaced vertex are shown in Fig. 6.1. It is apparent that mixings as small as
sin2

↵ ⇠ 10�7 can be tested at the LHeC for scalar masses between 5 and 15 GeV (Ref. [Fischer
et al., input for ESPP]).
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